Plastic pollution is an anthropogenic stressor in marine ecosystems globally. Many species of marine fish (more than 50) ingest plastic debris. Ingested plastic has a variety of lethal and sublethal impacts and can be a route for bioaccumulation of toxic compounds throughout the food web. Despite its pervasiveness and severity, our mechanistic understanding of this maladaptive foraging behaviour is incomplete. Recent evidence suggests that the chemical signature of plastic debris may explain why certain species are predisposed to mistaking plastic for food. Anchovy (Engraulis sp.) are abundant forage fish in coastal upwelling systems and a critical prey resource for top predators. Anchovy ingest plastic in natural conditions, though the mechanism they use to misidentify plastic as prey is unknown. Here, we presented wild-caught schools of northern anchovy (Engraulis mordax) with odour solutions made of plastic debris and clean plastic to compare school-wide aggregation and rheotactic responses relative to food and food odour presentations. Anchovy schools responded to plastic debris odour with increased aggregation and reduced rheotaxis. These results were similar to the effects food and food odour presentations had on schools. Conversely, these behavioural responses were absent in clean plastic and control treatments. To our knowledge, this is the first experimental evidence that adult anchovy use odours to forage. We conclude that the chemical signature plastic debris acquires in the photic zone can induce foraging behaviours in anchovy schools. These findings provide further support for a chemosensory mechanism underlying plastic consumption by marine wildlife. Given the trophic position of forage fish, these findings have considerable implications for aquatic food webs and possibly human health.
Introduction
Chemoreception (olfaction and gustation) is the most ancient and ubiquitous sensory modality [1, 2] . In marine fish, olfactory-mediated behaviours have been well studied in the contexts of predator avoidance [3] , homing [4, 5] and foraging [6, 7] . Recently, the intersection of foraging, olfaction and conservation has been a major focus of research on fish populations especially in the face of rapid anthropogenic change [3, 7, 8] . One pervasive example of anthropogenic change in the marine environment is plastic debris. There are more than 5 trillion pieces of plastic in the global oceans; the vast majority consisting of small fragments less than 10 mm in length [9, 10] . Within weeks these small plastic fragments biofoul by algae and bacteria [11, 12] and may be ingested by hundreds of marine species [13] . An explanation for why marine wildlife misidentify plastic as prey remains elusive, but olfaction has been suggested as a possible mechanism [12] .
Olfaction is a common mechanism of food localization in many species of fish. Specifically, fish species specializing on primary consumers (e.g. zooplankton, including krill) display an attraction to algal-derived infochemicals, such as dimethyl sulfide (DMS) and its chemical precursor, dimethylsulfoniopropionate (DMSP) [6, 14, 15] . Forage fish, such as anchovy (Engraulis sp.), are zooplanktivorous as adults, live in large schools and represent a critical link in marine food webs [16] . It is not well known how forage fish find their planktonic prey, though olfaction has been implicated [17] . The behavioural contexts in which adult anchovy use odours are not well known; however, they do have highly developed chemosensory systems [18] .
In the California current ecosystem, the northern anchovy (Engraulis mordax) is an abundant forage fish and critical prey source for coastal and pelagic seabirds, predatory fish, pinnipeds and cetaceans [19, 20] . The life history, large-scale movements, and population dynamics of northern anchovy are well studied, but recent population fluctuations, including regional stock collapses, have put the future of this vital marine resource in doubt [21, 22] . Climate forcing and fishing pressure are known threats [22] , while other risks, such as plastic ingestion, have not been extensively studied; however, multiple species of anchovy have been documented to ingest plastic in the wild [23, 24] . Fish that ingest plastic exhibit a variety of sublethal effects including compromised liver function, reduced activity rates, and weakened schooling behaviour [25, 26] .
To mitigate the consumption of plastic debris by marine fish, it is essential to understand the sensory mechanism(s) underpinning this maladaptive foraging behaviour. Recent work focusing on tube-nosed seabirds (order: Procellariiformes) suggests that the chemical signature that marine plastic debris acquires and emits via biofouling may explain why plastic debris is frequently mistaken for food [12] . Here, we present the first behavioural assay testing the hypothesis that the odour profile plastic acquires at sea influences the behaviour of a marine consumer, the northern anchovy (E. mordax). To do so, we examined aggregation and rheotactic responses of wild-caught anchovy schools to presentations of krill (Euphausia pacifica; hereafter 'food'), as well as odour solutions made from krill, clean plastic and biofouled plastic (i.e. algae-coated polypropylene beads 4-6 mm in diameter) at three environmentally relevant concentrations. We compared these school-wide responses to control (dyed seawater) treatments to determine if the odour signature of biofouled plastic can elicit olfactory search behaviours in anchovy schools. Our results elucidate both if anchovy use odours to forage and if the odour signature of plastic debris alone can induce behaviours consistent with foraging in anchovy schools.
Material and methods (a) Anchovy acquisition and husbandry
This experiment was conducted at the Aquarium of the Bay in San Francisco, CA, USA, from May to August 2015. Adult anchovy were caught in San Francisco Bay, and in the Pacific Ocean off the coast of Marin and Sonoma Counties of California during the spring and summer of 2015. Anchovy were donated from J&P Bait in San Francisco, CA, USA, in schools of 200 -400 individuals. Each school was held in a live bait pen for 4 -14 days prior to transportation to the aquarium by Aquarium of the Bay staff in a 120 l cooler filled with aerated seawater. This process was repeated six times for the different schools of anchovy used in this experiment. Upon arrival at the aquarium, anchovy were immediately placed in a circular flow-through tank (0.7 m water height Â 1.8 m diameter, approx. 1325 l water), with a flow rate of approximately 1500 l h
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. Flow in the tank was circular and counterclockwise. Water was maintained at 16 -188C, 92 -98% dissolved oxygen, 7.7-8.1 pH and 32 -36‰ salinity, mimicking the conditions of the marine environments where the anchovy were collected. During the 3-to 5-day acclimation period, each anchovy school was kept on a diet of 250 g thawed whole krill (Eu. pacifica) per day.
(b) Preparation of odour solutions
Using the same methods as [12] To prepare the biofouled plastic solution, we first removed 15 g biofouled PP beads from the Nitex bags collected from the BML buoy. Then, we added 500 ml filtered seawater from the aquarium to the 15 g biofouled plastic in a 1 l glass beaker. This mixture was left to sit in a refrigerator (8-108C) for 6 h, stirring occasionally. After 6 h, the mixture in the beaker was strained into a 1 l glass Erlenmeyer flask through Whatman filter paper (Grade 4, GE Healthcare, Chicago, IL, USA) to remove particles greater than or equal to 25 mm. The minimum observed food size for adult anchovy in experimental feeding studies is 150 mm [27] [28] [29] . Therefore, the particulate matter (less than 25 mm) left in the solution after filtration should not have been able to provide a food source to the anchovy. After filtration, the solution was homogenized with a magnetic stirbar for 5 min. Next, we separated 500 ml of this biofouled plastic solution into ten 50 ml aliquots in sterilized glass jars. Each glass jar was wrapped externally in Parafilm M (Bemis Co. Inc., Oshkosh, WI, USA) to prevent gas exchange and stored frozen (2208C). This procedure was repeated twice for each school of anchovy tested to ensure adequate stock solution for the experimental treatments. To prepare the virgin (clean) plastic solution, we added 15 g of virgin PP beads-4-6 mm in diameter, 0.02-0.03 g each-to 500 ml filtered seawater in a 1 l beaker. The process of stirring, straining, mixing, separating and storing this solution was identical to that described for the biofouled plastic solution.
We made food odour solutions by thawing 15 g of whole Pacific krill (Eu. pacifica) with 500 ml seawater in a 1 l beaker under refrigeration (8-108C) for 6 h, stirring occasionally. Afterwards, the procedure of straining, mixing, separating and storing this solution was identical to that described for the plastic solutions. To create our control seawater solution, 1 l of filtered seawater was placed in a glass beaker and left to sit in a refrigerator for 6 h, stirring occasionally. Afterwards, the procedure of straining, mixing, separating and storing this solution was identical to that described for all other solutions.
All glassware and stirbars used to prepare and store solutions were unique to each solution type to prevent chemical cross-contamination between solutions. After solution preparation, all equipment was triple washed with 70% ethanol and rinsed thoroughly with distilled water.
(c) Experimental methods
On the day prior to treatment presentation, we removed the aliquots of each solution needed for the following day's treatments from the freezer and left them in the refrigerator overnight to thaw. Thirty minutes before treatment presentation, we removed the solution from the refrigerator to allow the solution to reach the same temperature of the water in the experimental tank (16-208C). We injected 100 ml of the solution to the tank with a 100 ml PP syringe (VvW Scientific) via 1.25 m of Tygon tubing. One drop (0.05 ml) of red propylene glycol food dye was added to all treatments except food presentations to control for visual cues of the solution injection and to blind video scorers to the treatment type.
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For the 'high' concentration of each solution, the stock solution was injected into the experimental tank without dilution at a source concentration of 30 g l 21 . The 'medium' concentrations used the same stock solutions described as above, but were diluted 1 : 1 with seawater 5 min prior to injection, for a source concentration of 15 g l
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. The 'low' concentrations also used the same stock solution, but were diluted 9 : 1 with seawater 5 min prior to injection for a source concentration of 3 g l
. Once these solutions were injected into the tank, the resulting dilution would yield concentrations similar to recorded accumulations of plastic in the open ocean [9, 10, 30] .
For feeding trials, 15 g of whole krill was thawed in 250 ml 21 of plain seawater 30 min before filming began. The food was introduced into the tank with a 400 ml Europlex Plexiglas syringe (Primis Medical, Kaysville, UT, USA) via 1 m of Tygon tubing. Immediately after injection, the syringe was drawn back with 250 ml water from the tank and flushed back into the tank three times. To prevent fish from associating treatments with feeding, fish were fasted randomly during experimental periods. The fish were never fasted or fed more than 3 days in a row. Preliminary observations showed that once the fish fed their motivation to respond to odours-including odours of their food-was dramatically reduced. As a result, on days when fish were fed, the food presentation was always the last treatment recorded.
The video of each trial lasted 12 min. Filming began 2 min before the treatment was injected to record behaviour prior to treatment addition, and continued 10 min after treatment addition. We spaced treatments apart by a minimum of 1 h to allow the tank's water to cycle and anchovy behaviour to return to a pre-foraging state. Each treatment and concentration was replicated five to seven times on four different schools (n ! 20 trials per treatment, n ¼ 289 trials total). For more details on the experimental methods, see the electronic supplementary material.
(d) Video and image analysis
We recorded all videos above the experimental tank using a GoPro Hero4 in wide mode (focal length: 17.2 mm; field of view: 118.28 by 69.58) at 24 frames s 21 and 1080p resolution. For analyses, we used VLC (v. 2.2, VideoLAN Organization) to take screenshots of each video at 5-s intervals (see, e.g. electronic supplementary material, figures S1 and S2). For the aggregation (clustering) analysis, we used IMAGEJ (v. 1.49; https://imagej.nih. gov/) to turn each screenshot into a black and white image, where the fish were black and the background white (electronic supplementary material, figure S2 ).
We also measured rheotactic behaviour for 3 min (75 s before through 105 s after treatment addition). Fish displaying positive rheotaxis swam clockwise around the tank because the flow in the tank was counterclockwise. A fish was considered to be positively rheotactic in an individual screenshot if its main body axis was facing +458 of the clockwise direction; this value has been used as a cut-off in other studies measuring rheotactic behaviour in fish [31, 32] . We determined rheotactic angle by drawing a line from each fish's dorsal fin to the nearest wall of the tank and measuring the angle of the fish relative to the wall. To analyse each image, we selected a quadrant at random using a random number generator (https://www.random.org/integers/) and assigned scorers to count the total number of fish in that quadrant, denoting the number of fish that were not positively rheotactic. Observers were blinded to which treatments they were scoring.
(e) Statistical analyses
Aggregation data were generated from black and white images by calculating Moran's I values [33] using the 'raster' package in R (v. 3.2, R Development Core Team 2015). For the purposes of our analyses, Moran's I values were used as descriptive statistics to measure the amount of clustering in images relative to one another.
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assigned to one of three time-bins: pre-treatment (first 2 min of each video), post-treatment (the next 2 min, directly following treatment presentation) or greater than 2 min post-treatment (the last 8 min of each video). We used a generalized linear mixed model (GLMM) fit with the package 'lme4' in R to test for differences between treatment, time bin, and the interactive effect of treatment and time bin. This multilevel model also contained random effects to control for the influence of school number and day on the outcome variable, clustering intensity. To account for our outcome variable being non-normal, heteroscedastic and autocorrelated, we conducted a permutation test (a non-parametric resampling technique) with 10 000 simulations to determine significance. Finally, to test for differences in the time to peak aggregation response by treatment, we used a GLMM fit with the package 'lme4' in R. This multilevel model contained random effects to control for the influence of school and day on the outcome variable, time to peak response.
For the rheotactic analysis, the scored images were assigned as either pre-or post-treatment label. We used a GLMM fit with the package 'lme4' in R to test for differences between treatment, time bin and the interactive effect of treatment type and time bin. This multilevel model also contained random effects to control for the influence of video scorer, school and day on the outcome variable, proportion of fish that were not rheotactic. This outcome variable is also heteroscedastic and autocorrelated. Here again, we conducted a permutation test with 10 000 simulations to determine significance. Permutation tests for both the aggregation and rheotactic analyses were done with the R package 'predictmeans'. Significance was defined at a ¼ 0.05. Results are presented +s.e. unless otherwise indicated.
Results (a) Aggregation behaviour
School-wide aggregation responses varied considerably between treatments (figures 1 and 2). In relation to the seawater control treatment ( figure 1a) figure 1b) . The peak intensity of the clustering signal resulting from food presentations was greater than the control (t 10,272 ¼ 6.54, p , 0.001).
(b) Time to peak aggregation
We also examined how long it took for the maximum (i.e. peak) aggregation response to occur for each treatment. In the control trials, the median time to peak response occurred the latest of any treatment with a large variance (263 + 31 s after injection; figure 2a) . Similarly, all clean plastic treatments illustrate a time to reach their peak response that did not differ from the control treatment; the associated variances were also large For the medium and high concentrations of the biofouled plastic treatment, however, the anchovy schools' peak responses were temporally constrained and occurred significantly earlier than in the control treatment (low concentration: 115 + 44 s after injection, t 10 figure 2e ). The anchovy schools reached their peak response most rapidly in the food treatment ( figures 1, 2 and 3) . When compared with the control treatment, peak aggregation occurred significantly earlier and was temporally constrained (i.e. lower variance) in the food treatment (35 + 10 s after injection, t 10,272 ¼ 24.95, p , 0.001; figure 2b) . These results support the findings in the aggregation analysis (figure 1).
(c) Rheotactic behaviour
Rheotactic responses also differed between treatments (figure 3). Anchovy typically display positive rheotaxis (i.e. rheotaxis), orienting themselves into oncoming flow, except while foraging when their rheotactic positioning decays as a consequence of food search [34] . Our results were consistent with these previous findings. Prior to treatment presentation, most anchovy swam clockwise around the outer rim of the tank where water flow was greatest, displaying a high degree of positive rheotaxis (93.99 + 0.16% pooled across all treatments). However, there was a sharp decline in rheotaxis after food was introduced as compared to the control treatment (control: 92.44 + 0.53% positively rheotactic after The response to food odour was identical to the clustering analysis of the food odour solutions; there was a significant change in rheotactic behaviour after the introduction of the food odour treatment at all concentrations (low concentration: 66.99 + 1.34% positively rheotactic after treatment, t ¼ 11.49, permutation test: p , 0.001; medium concentration: 
Discussion
These results demonstrate that odours associated with plastic debris stimulate a behavioural response consistent with foraging in captive anchovy schools. As when foraging, the anchovy responded to the medium and high concentrations of biofouled plastic odour with a temporally constrained spike in aggregation coupled with a significant reduction in rheotaxis (figures 1-3) . Similar results were seen in response to all concentrations of food odour, thus indicating anchovy use odours to initiate foraging behaviours. To our knowledge, this is the first experimental demonstration that adult anchovy use odours in foraging contexts. By contrast, anchovy schools did not change their aggregation or rheotactic behaviour after addition of the seawater control or clean plastic treatments at any concentration ( figures 1-3) . Furthermore, the lowest concentration of biofouled plastic odour had no effect on school clustering or rheotactic positioning. This likely indicates that the biofouled plastic odours were below the detection threshold at this concentration, but further tests are required to confirm this. Taken together, these findings suggest that chemical cues associated with biofouled plastic debris can trigger olfactory search in a marine forage fish. This is the first behavioural evidence that plastic debris may be chemically attractive to marine consumers. These chemical cues may lure consumers, such as anchovy, into regions of high plastic density and activate foraging behaviours, thus making it difficult to ignore or reject plastic items as potential prey.
DMS and DMSP are keystone infochemicals in marine ecosystems [35, 36] and many organisms including seabirds and fish use these compounds to locate productive areas to forage [6, 15, 37] . Plastic debris acquires an ecologically relevant DMS signature after less than a month of exposure to the marine environment [12] . The methods and location used to biofoul plastic in this study were identical to those in [12] ; as a result, it is plausible that detection of DMS/P was key in triggering the behavioural responses recorded in the biofouled plastic treatments. Further behavioural studies using isolates of DMS/P are needed to confirm this.
Results from this and previous work on olfactory foraging and dietary specialization [38] help explain why species dependent on primary consumers (e.g. krill) as a food source, are unable to reliably and consistently distinguish between plastic debris and food. It is therefore not surprising that species groups including zooplankton-reliant procellariiform seabirds, fish and sea turtles are both DMS/P-responsive [6, 37, 39] and frequent consumers of plastic debris. In addition, plastic debris has visual cues (e.g. its colour and shape) that may resemble prey [40] ; visual and chemical cues associated with plastic debris likely interact synergistically, exacerbating this evolutionary trap. This multimodal sensory explanation elucidates why certain marine consumers repeatedly confuse plastic for food.
Plastic ingestion has been demonstrated to retard activity levels and negatively influence schooling behaviour in captive fish [26] . This reduced activity and schooling could cause fish that have ingested plastic to be more likely to be predated, thus catalysing the bioaccumulation of contaminants associated with plastic debris through the food web [41 -43] . This presumption should be tested on forage fish, because they represent a critical trophic link in marine and coastal ecosystems. Humans are at the top of these food chains; therefore, results of such future studies may have important consequences for human health.
Despite a recent surge of legislative initiatives aimed at reducing plastic use and improper disposal, global plastic production has risen over 600% since 1975 and plastic waste entering the oceans from terrestrial sources is on pace to increase by an order of magnitude-to greater than 100 million tonnes annually-by 2025 [44] . Nearly 700 species have been found to consume plastic at sea [45] . Uncovering the mechanisms driving plastic consumption by marine fauna is urgently needed. Our study confirms that olfactory cues associated with plastic debris may lead marine consumers to mistake plastic for food. Species such as forage fish that specialize on primary consumers are especially at risk due, in part, to their possible behavioural attraction to DMS/P. The previously overlooked chemical signature of marine plastic debris should be considered when developing mitigation strategies to combat this global environmental issue. Data accessibility. The datasets and code supporting this article can be found at https://github.com/mssavoca/AnchovyBehaviorMS.
